The diffusiophoresis of a charge-regulated spherical particle normal to two parallel disks as a response to an applied uniform electrolyte concentration gradient is modeled theoretically. The fixed charge on the particle surface comes from the dissociation/association reactions of the functional groups, yielding a charge-regulated surface, which simulate biological cells. Numerical simulations are conducted to examine the behavior of a particle under various conditions; the parameters considered in the simulation include the thickness of double-layer, the charged conditions on the particle surface, the relative size of the particle, and the particle-disk distance. Because the diffusiophoretic mobility of a particle can be dominated by chemiphoresis, electrophoresis, and/or osmotic flow, the diffusiophoretic behavior of the particle is complicated. For instance, the diffusiophoretic mobility may have two local maximum and a local minimum as the thickness of double-layer varies. This behavior is of practical significance if diffusiophoresis is adopted as a separation operation or as a tool to characterize the surface properties of a particle.
Introduction
Charged colloidal particles suspended in a solution can be driven by an applied concentration gradient, known as diffusiophoresis. 1 The driving force in this phenomenon depends upon the nature of solutes, which can be electrolytes 2 or non-electrolytes. 3 Compared with electrophoresis, where a charged particle is driven by an applied electric field, diffusiophoresis has the advantage of no Joule heat effect, 4 and therefore, has the potential to be used as an analytical tool to characterize the charged conditions of a particle and/or as a separation/purification operation. [5] [6] [7] [8] [9] In biological systems, the liquid phase is usually of ionic nature. In this case, the diffusiophoresis of a particle is mainly driven by chemiphoresis 10 and electrophoresis. 11, 12 Chemiphoresis comes from the double-layer polarization (DLP) induced by the interaction between the particle and the applied concentration gradient. Two types of DLP are identified: type I DLP drives a particle toward the high-concentration side and type II DLP drives a particle toward the low-concentration side. [13] [14] [15] [16] If the diffusivity of cations and that of anions are the same, such as in an aqueous potassium chloride solution, a charged particle is driven solely by chemiphoresis. Electrophoresis comes from an induced electric field, which arises from the difference between the diffusivity of cations and that of anions.
In an aqueous sodium chloride solution, for example, because the diffusivity of Cl -is larger than that of Na + , the diffusion of these two types of ions yields a local electric field.
Because the direction of this electric field points to the low-concentration side, a positively charged particle is driven toward that direction. 16 Note that because chemiphoresis is also present in such system, the direction of diffusiophoresis depends upon the net result of the competition between chemiphoresis and electrophoresis. The presence of these two effects was justified experimentally by Ebel et al. 10 Compared with those for the case where a particle is driven by an applied electric field, the available theoretical results for diffusiophoresis are very limited. Adopting a unit cell model, Wei and Keh 17 solved analytically the diffusiophoresis of a suspension of particles for the case of low surface potential and arbitrary double layer thickness. Lou et al. 18 extended their analysis to the case of arbitrary surface potential. Several attempts had been made on the assessment of the presence of a boundary on the diffusiophoretic behavior of a particle. Lou and Lee, for example, considered the diffusiophoresis of a charged spherical particle normal to a plane. 19 The diffusiophoresis of a charged spherical particle along a cylindrical pore were studied by Keh and Hsu. 20 Chang and Keh 21 analyzed the diffusiophoresis of a charged spherical particle normal to two planar parallel walls. Hsu et al. 16 investigated the diffusiophoresis of a charged particle in a spherical cavity. In general, the presence of a boundary was shown to have a significant influence, both qualitatively and quantitatively, on the diffusiophoretic behavior of a particle.
Intuitively, the charged conditions on the surface of a particle play a significant role in its diffusiophoresis. Available results in the literature almost always assume that the particle surface is maintained at either constant potential or constant charge density.
These constant surface property models are idealized ones representing limiting cases of a more general model on the particle surface, known as charge-regulated surface model. 22 In practice, using the constant surface property models can be unrealistic in cases such as cells and platelets 23 and particles covered by an artificial membrane. 24, 25 Keh and Li 26 analyzed the diffusiophoresis of a dispersion of charge-regulated spherical particles at low surface potentials
In this study we consider the diffusiophoresis of a charged-regulated spherical particle at an arbitrary position between two large parallel disks normal to these disks.
The problem considered allows us to examine the boundary effect on diffusiophoresis for the case where the particle surface assumes a general charged condition. Both the effect of chemiphoresis and electrophoresis are taken into account in the analysis. Numerical simulations are conducted to examine in detail the influences of the key factors, including the position and the size of a particle, the thickness of double layer, the charged conditions on the particle surface, and the difference in the diffusivity of cations and that of anions, on the diffusiophoretic behavior of the particle.
Theory
As illustrated in Figure 1 , we consider the diffusiophoresis of a spherical particle of radius a in an electrolyte solution as a response to a uniform applied concentration field 0 n ∇ normal to two large parallel disks with half separation distance b.
are the cylindrical coordinates with its origin at the center between two disks, 0 n ∇ is in the z-direction, the center of the particle is at z=m. Both the particle and the disks are rigid and non-conductive, and the solution contains z 1 :z 2 electrolytes. Let
Note that the geometry chosen is θ -symmetric, and therefore, only the (r,z) domain needs be considered.
The governing equations of the present problem include those for the electric, the concentration, and the flow fields, and can be summarized as following:
Here, ψ, p, and ρ are the electric potential, the pressure, and the space charge density respectively; ε , η , and u are the permittivity, viscosity, and velocity of the liquid phase,
respectively; e, k B , and T are the elementary charge, Boltzmann constant, and the absolute temperature, respectively; j z , j D , and j n are the valence, diffusivity, and number concentration of ion species j, respectively. The subscripts 0, 1, and 2 refer to the bulk property, cations, and anions, respectively; ∇ and 2 ∇ are the gradient operator and the Laplace operator, respectively. Suppose that the applied concentration field is weak so that the double layer surrounding the particle is only slightly distorted when
, where e n 0 is the bulk solute concentration at equilibrium.
Under this condition, p, ψ , n j , and u can all be decomposed into an equilibrium term arising from the presence of the particle and the disks, and a perturbed term arising from the application of 0 n ∇ . 28 Using subscription e and prefix δ to denote the equilibrium and the perturbed terms, respectively, we have 
Here, 
is a reference velocity.
In terms of the scaled symbols, the flow field can be described by 
where
is the scaled surface charge density, p ζ is the scaled surface potential of the particle. 
where n is the unit normal vector direct into the liquid phase.
If both the particle and the disks are non-conductive, non-slip, and impermeable to ionic species, the concentration of ionic species reaches the bulk value, and the net charge flux vanishes on the disk surface. 16, 19, 21 Then the other boundary conditions associated with eq 10-17 can be expressed as 
Here, z
, and e z is the unit vector in the z-direction.
where U is the velocity of the particle.
Instead of solving directly the governing equations subject to the boundary conditions assumed, the original problem is partitioned into two sub-problems: 16 (a) the particle moves with a constant velocity U in the absence of 0 n ∇ , and (b) 0 n ∇ is applied but the particle is fixed. Let F i be the total force acting on the particle in sub-problem i, i=1,2, and F i be its magnitude. Then,
where the constant C 1 is related to a, η , and the particle-disk distance, but is independent of U, 35 and the constant C 2 is independent of 0 n ∇ . 10 Assuming that the system is at pseudo-steady state condition, F 1 +F 2 =0, which yields
In each sub-problem, the particle experiences an electrical force F e and a hydrodynamic force is the scaled surface area, with S being the particle surface area; n and t are the magnitude of the unit normal vector and that of the unit tangential vector, respectively; z n is the z-component of n;
is the scaled shear stress tensor, with H σ being the shear stress tensor.
Results and Discussion
FlexPDE, 36 a finite element based software, is adopted to solve the present boundary-valued problem; detailed solution procedure can be found in the literatures. 27, 28 Grid independence is checked throughout the computation. Using a total of ca. 5000
and 8000 nodes is usually sufficient for the resolution of the flow field and the electric field, respectively. Figure 2 shows the typical mesh structure on the half plane
for the case where the number of nodes is 5569.
The applicability of the software adopted is also justified by using it to solve the diffusiophoresis of an isolated, rigid sphere under the conditions of low surface potential, 37 where an analytical solution was derived. Figure 3 shows the variation of the scaled diffusiophoresis mobility of a particle, The diffusiophoretic behavior of a particle under various conditions is examined through varying the values of the parameters key to the system under consideration.
Unless otherwise specified, we assume 
16,34
For illustration, we assume that the disks are uncharged.
Influences of parameters A, B, and κa on surface potential 
, that is, the particle surface is neutral. Figure 4b shows that p ζ (or p ζ ) decreases with increasing κa . This is because as κa increases (thickness of double layer decreases), * p σ increase but p ζ decreases simultaneously, and the effect of the latter is more important than that of the former.
Therefore the thinner the double layer, the smaller the p ζ . Similar phenomenon is also observed in the literature.
33,38
Types I and II DLP Figure 5 illustrates the contours of the scaled perturbed electric potential * δψ at two levels of β . As shown in Figure 1 , the ionic concentration in the top region of the particle is higher than that in the bottom region of the particle. In the presence case, because 1 < B , the particle is negatively charged. With the applied concentration gradient, the perturbed concentration of counterions (cations) inside the double layer in the top region of the particle is higher than that in the bottom region of the particle.
This induces a local electric field, which drives a particle, regardless of the sign of its charge, toward the high-concentration side (upward). As seen in Figure 5a , the higher ionic concentration in the top region of the particle leads to a positive * δψ inside the double layer on the high concentration side and a negative * δψ inside the double layer on the low concentration side. This phenomenon is defined as type I DLP, 16 which yields an upward electric force acting on the particle. As indicated by Figure 5a , * δψ becomes slightly negative outside the double layer in the top region of the particle, implying that the perturbed concentration of coions outside the double layer in the top region of the particle is higher than of counterions. This phenomenon is defined as type II DLP, 16 which reduces the upward electric force acting of the particle coming from type I DLP. In general, type I DLP is more important than type II DLP, that is, chemiphoresis usually drives a particle toward the high concentration side (upward).
The distribution of * δψ on the low concentration side of the particle is similar to that on the high concentration side of the particle, but with opposite sign. This implies that the perturbed concentration of coions is higher than that of counterions inside the bottom region of the double layer, but the perturbed concentration of counterions is higher than that of coions outside the bottom region of the double layer. Figure 5b reveals that for the case where 2 . 0 − = β the difference between the diffusivity of cations and that of anions yields a background electric field, which drives a negatively charged particle upward, known as the electrophoresis effect. For a positively charged particle, although the roles that types I and II DLP play are the same as those for a negatively charged particle, the effect of electrophoresis becomes to drive the particle toward the low-concentration side (downward). Therefore, the direction of diffusiophoresis depends on the relative magnitudes of forces come from type I DLP, type DLP, and electrophoresis. Figure 6a that if A exceeds ca. 10, * U has another local maximum at 5 ≅ κa , which can be explained by Figure 7b . As in the case of Figure 7a , type II DLP begins to be important when a κ exceeds ca. 0.5, leading to the first local maximum. As a κ increases further, the higher ionic concentration leads to a greater electric repulsive force between the particle and coions, and therefore, a more significant type I DLP. For a κ ranges from ca. 1 to 5, the increase in the degree of type I DLP is larger than that of type II DLP, yielding the second local maximum. If the boundary effect is sufficiently important, as in the case of Figure 6b , the second local maximum disappears. This is because if the particle is sufficiently close to the disk, the decrease in the space between the outer boundary of the double layer and the disk making type II DLP stronger and becomes more significant than type I DLP. A comparison between Figure 6a and 6c reveals that, due to the presence of the effect of electrophoresis in the latter, the * U of a negatively charged particle for the case where 2 . 0 − = β is much larger than that for the case where 0 = β . This is consistent with experimental observations. 10 On the other hand, as seen in Figure 6d , the mobility of a positive particle becomes negative, that is, it moves toward the low-concentration side (downward). Figure 6c and 6d suggest that if A is not large, * U decreases with increasing a κ . This is because the larger the a κ (higher ionic concentration and thinner double layer), the stronger the electroosmotic retardation flow and also it is closer to the particle. However, if A is sufficiently large, the significance of the effect of chemiphoresis is comparable to that of electrophoresis, and therefore, * U has two local maximum.
Influence of Boundary
The influence of the boundary effect on the diffusiophoretic behavior of a particle under various conditions is illustrated in Figure 8 . In Figure 8a and 8b, 0 = β , that is, the effect of electrophoresis is absent; but that effect is present in Figure 8c U has a local maximum as λ varies, and the value of λ at which the local maximum occurs increases with increasing a κ . This is because the occurrence of the local maximum is mainly caused by the presence of the boundary; the thinner the double layer the shorter the particle-boundary distance is necessary for the boundary effect to be significant. In other words, the largest * U occurs when the boundary is slightly outside the double layer because in that case there is no enough room for type II DLP to take place. If the particle-boundary distance is further decreased, the hydrodynamic drag dominates, leading to a decrease in U at large a κ becomes very large. This is because type I DLP dominates in the present case of highly charged particle surface.
If the effect of electrophoresis is present, such as in Figure 8c and 8e, where A is small, the behavior of * U is less complicated than that seen in Figure 8a . In this case, the larger the λ the smaller the * U , and if λ is not too large, the larger the a κ the smaller the * U . The former arises from that the larger the λ the greater the hydrodynamic drag comes from the boundary acting on the particle. The latter arises from the electroosmotic retardation flow, as discussed in Figure 6c and 6d. Figure 8a, 8c, and 8e reveals that if the surface charge density is low, varying the value of β and the sign of the fixed charge on the particle surface leads to an appreciable change in * U , but that change becomes limited if the surface charge density is high. This implies that if the surface charge density is low, the effect of electrophoresis is more significant than that of chemiphoresis, and the reverse is true if it is high. Figure 8f indicates that if a positively charged particle is sufficiently close to a boundary, its mobility may change the sign from negative to positive. As can be inferred from Figure 8b , where the effect of electrophoresis is absent, this arises from the enhancement of the effect of chemiphoresis. Figure 8b , 8d, and 8f, suggests that the effect of electrophoresis is more significant at small values of λ . This is because the raise of * U due to the electrophoresis effect is hindered by the strong hydrodynamic drag comes from the presence of the boundary at a large λ . Chatelier's principle, and the latter can be explained by similar reasoning. These behaviors are consistent with the results shown in Figure 4a . The curves in Figure 9a are symmetric about B=1. This is because in the case of chemiphoresis, * U is dependent on the density of the fixed charge on the particle surface, but is independent of its sign. The effect of electrophoresis is present in Figure 9b . In this case, the induced background electric field arising from the difference in the diffusivities of cations and anions drives a negatively charged particle toward the high-concentration side and a positively charged particle toward the low-concentration side. Here, * U is seen to increase with increasing B for B>1, and increase with decreasing B for B<1. This is expected because the magnitude of U* depends upon the charge density on the particle surface. Note that although the electrophoresis effect dominates the direction of diffusiophoresis, due to the presence of the chemiphoresis effect,
Influence of parameter B
.
Influence of parameter ω
The influence of parameter ω (=N A /N B ) , which measures the relative magnitudes of the surface concentrations of the acidic and the basic functional groups, on the diffusiophoretic behavior of a particle is shown in Figure 10 . . To an originally negatively charged particle, this leads to a larger absolute value of the total amount of fixed charge, and a smaller absolute value of the total amount of fixed charge to an originally positively charged particle. Figure 11 shows the influence of parameter θ (=K A /K B ), which measures the relative significance of the dissociation/association reactions expressed in eq 18 and 19, on the scaled diffusiophoresis mobility Figure 11a indicates that for a positively charged particle (B=100), an increase in θ leads to an increase in * U , but that trend becomes reversed for a negatively charged particle. As seen in Figure 11b , * U decreases with increasing ω for a positively charged particle, but increases with increasing ω for a negatively charged particle. This is because in this case an increase
Influence of parameter θ
implies an increase in the downward electric force coming from the electrophoresis effect acting on the particle. Figure 12 illustrates the variations of the scaled diffusiophoresis mobility * U as a function of the position parameter
Influence of parameter P
at various combinations of a κ , B, and β for the case where the surface charge density is high (A=100). Here, the larger the value of P the closer the particle to one of the disks. As seen in Figure 12a , * U has a local maximum as the particle approaches one of the two disks. If P is large, the compression of the double layer enhances type I DLP and reduces the room available for type II DLP, yielding a large * U . These can be justified by that the thinner the double layer the larger the value of P at which the local maximums occur; similar results are also found in Figure 8 . Note that the non-slip boundary condition assumed on the disks implies that * U should vanish at P =100%. As illustrated in Figure 12c , the boundary effect plays an important role in diffusiophoresis. For a positively charged particle and 2 . 0 − = β , the direction of diffusiophoresis depends upon the relative significance of chemiphoresis and electrophoresis, two competitive effects.
If P is not large (particle is away from boundaries), because the electrophoresis effect dominates the particle moves to the low-concentration side. On the other hand, if the particle is close to the boundaries, because the chemiphoresis effect dominates it moves to the high-concentration side.
Conclusions
In summary, the diffusiophoresis of a charge-regulated spherical particle at an arbitrary position between two large parallel disks is investigated theoretically, taking account of the effects of chemiphoresis and electrophoresis. Here, the surface of the particle carries both acidic and basic functional groups; the dissociation/association of these functional groups yields fixed charge. We show that both the chemiphoresis, which comprises two types of double-layer polarization (DLP), and the electrophoresis are affected significantly by the boundary effect, leading to profound diffusiophoretic behaviors. Depending upon the concentration of the functional groups on the particle surface and whether the boundary effect is significant, the diffusiophoretic mobility of the particle can have one or two local maximum as the thickness of double layer varies.
If the concentration of the functional groups is low, the electrophoresis effect dominates, and if it is high, the chemiphoresis dominates. The diffusiophoretic mobility has a local maximum as the particle-boundary distance varies, and the thinner the double layer the closer the particle-boundary distance at which the local maximum occurs. The more important the boundary effect the less significant the electrophoresis effect is. The higher the concentration of the functional groups the larger the absolute value of the diffusiophoretic mobility. For the case where the diffusivity of cations is the same as that of anions, that is, the electrophoresis effect is absent, we conclude the following. 
